Surface enhanced Raman (SER) and resonance Raman (SERR) techniques have been used in situ to investigate thionine-modified gold electrodes. New surface roughening procedures for gold electrodes have resulted in an order of magnitude increase in the Raman signals. As a result of this, Raman spectra from leucothionine have been observed for the first time. The surface Raman spectra of both thionine and leucothionine are essentially unchanged over the pH range from 1.3 to 7 but both show major changes at pH 10. This behaviour has been related to changes in the absorption spectrum of thionine at pH 1.0 where the compound is believed to exist as thionine hydroxide. At pH 1.3 and 7 the Raman signals from thionine arise from a combination of surface enhancement and resonance enhancement processes, whereas signals from leucothionine arise solely from surface enhancement. At pH 10 surface enhancement processes give rise to Raman intensity for both thionine and leucothionine.
INTRODUCTION
Leueothionine (L) Thionine may be electrochemically coated 4'5 onto substrates such as platinum and gold at oxidizing potentials, thus producing thioninemodified electrodes. The thionine coat formed on the electrode surface is electroactive and can be switched between leucothionine and thionine forms. Electrochemical 6'7 and x-ray photoelectron spectroscopic studies 9 have suggested that thionine is dimerized on the electrode surface.
More recently, in this laboratory, surface enhanced Raman spectroscopy (SERS) and surface enhanced resonance Raman spectroscopy (SERRS) 1 have been applied, in situ, to the study of thioninemodified gold electrodes in acid electrolyte solution. In that work good quality Raman spectra were observed from the coated thionine.
However, no Raman spectra of leucothionine could be observed. The Raman spectrum of coated thionine 1 showed additional bands that were not present in the spectrum of solid thionine. The bands have been attributed to the bridging C--N--C bonds in the thionine dimer formed on the elctrode surface.
In this work we present further SERRS and SERS results from thionine and leucothionine on gold electrodes at various pH values.
EXPERIMENTAL
Thionine used in this work was from Fluka and was purified by column chromatography on alumina, washed with chloroform and acetone and dried in vacuo at room temperature. Sulphuric acid was laboratory reagent grade from BDH. Sodium hydroxide and potassium chloride were from Fisons. All the solutions were prepared in distilled water.
The electrolyte solutions were deoxygenated by bubbling N2 for about half an hour prior to the spectroelectrochemical measurements.
The details of the Raman spectroelectrochemical cell, with a rotating electrode, are given elsewhere, t4 Figure 2 .
Also shown in this figure is the Raman spectrum from the thioninecoated dry electrode. The wavenumber shifts and the relative intensities of the bands observed in these spectra are given in Table I . Raman spectra shown in Figure 2 were recorded in sequence from A to E. In general there is a good agreement between these Raman spectra and those reported in Ref. 10 . The main difference is that in the present work much higher Raman signals (100 k counts s -1 compared with 1-5 k counts s-1) were obtained using the multiple oxidation reduction cycles. In the previous Raman spectroscopic study of the thionine/Au system, the Raman spectrum from the leucothionine form of the coated electrode could not be measured. Because leucothionine does not absorb at the wavelength of excitation, no resonance enhancement of the Raman spectrum occurs and there was previously very little contribution from the SER processes. In the present work Raman spectra from leucothionine could be observed, although the Raman signal was an order of magnitude lower than that from the thionine form. Since leucothionine does not absorb in the visible region of the spectrum, the Raman intensity for leucothionine is purely derived from the surface enhancement processes. Figure 2A shows the SERRS of thionine coated on an Au electrode immediately after the coating procedure, i.e. no electrochemistry had Figure 2 was obtained on switching the potential of a thionine-coated electrode to +0.40 from -0.20 V. The overall intensity of this spectrum was similar to that observed in spectra 2A abd B.
All the bands present in spectrum 2B are also present in spectrum 2D, and with very similar relative intensities. The sequence of recording these spectra was from A to C. The positions and the relative intensities of the bands observed in these spectra are given in Table II. The Raman spectra from coated thionine at pH 7 are very similar to those observed at pH 1.3 . Spectrum A in Figure 3 At an applied potential of -0.2 V, the overall intensity of the Raman spectrum at pH 7 (spectrum B in Figure 3) (c) pH 10 The Raman spectra of a thionine coated Au electrode at pH 10 and at various applied potentials are shown in Figure 4 . The wavenumbers 500 1000 1500 wo.vonumbr / crn -l and the relative intensities of the bands observed in these spectra are given in Table III . As can be seen, these differ greatly from those measured at pH 1.3 and 7. Here the overall Raman signal in all the spectra is down by a factor of 10 (these spectra were recorded on the 10 k counts s -1 scale compared with the 100 to 200 k counts s -1 scale used for thionine spectra at pH 1.3 and 7). The other striking difference observed is that there was no decrease in the overall Raman signal at applied potentials of -0.30 and -0.50 V where the coated species should be in the leucothionine form (see Figure 3B ). Figure 4) with components at 1424 and 1406 cm-1. At an applied potential of +0.30 V (spectrum B in Figure 4) this band also has a doublet structure with peaks centred at 1419 and 1403 cm-. On changing the applied potential to +0.10 V (spectrum C in Figure 4) Other major differences in the Raman spectra of coated thionine at pH 10 are observed in the 400-500 cm -1 region. Here, as in the case of the spectra at pH 1.3 and 7, the strongest band is at 480 cm-1. However, only a single strong and relatively broad band is observed at 424-427 cm-1. In the Raman spectra of thionine at pH 1.3 and 7, at least three bands, at ca. 440,420 and 400 cm-1, were apparent. There is a marked increase in relative intensity of the band at 424-427 cm-1 at pH 10 .
The large changes in band wavenumbers and intensities observed in the Raman spectra on raising the pH of the electrolyte solution to pH 10 suggest major changes in both the molecular structure and the absorption spectrum of coated thionine. The decrease in the overall Raman signal suggests some loss of resonance enhancement which could arise from a shift in the absorption spectrum. As with the leucothionine spectra, the spectra obtained at pH 10 
